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Sincetheearly1990's,theSouthPolestationin Antarcticahasbeenthesiteof thedevelopmentandoperation
of the world's �rst ice-Cherenkov neutrinotelescopes,AMANDA and IceCube. The AMANDA telescope
wascompletedin 2000andhasbeenusedto searchfor the�rst high-energy neutrinosfrom beyondtheearth.
Thesuccessorto AMANDA, IceCube,will beakilometre-scaleneutrinoandair showerdetectorwith unprece-
dentedsensitivity to astrophysicalsourcesof neutrinos.In thispaper, asummaryof theresultsfrom AMANDA
andreporton the�rst constructionseasonof theIceCubetelescopewill begiven. Theprospectsfor neutrino
observationwith thefull IceCubearray, slatedfor completionin 2010,will bediscussed.

1. Intr oduction to high energy neutrino astronomy

Thelong-anticipatedbirth of experimentalhigh-energy neutrinoastronomy, pioneeredby theDUMAND col-
laboration,hasbecomea reality with theconstructionandoperationof detectorssuchasAMANDA andLake
Baikalandinitial andplannedconstructionof thenext generationof detectorssuchasIceCube[1], ANTARES,
NESTOR,andNEMO. Theseinstrumentswill look for signaturesof high-energy neutrinosfrom someof the
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Neutrinoastronomywith IceCubeandAMANDA 3

mostenergeticobjectsin theuniverse.Theneutrinoobservationswill complementandextendtheunderstand-
ing of theuniversecurrentlylimited to cosmic-rayparticleandphotonobservations.

Eachof thesethreeprobesof the physicsof the high-energy universehasits advantagesanddisadvantages
asa messengerparticle. Cosmic-rayparticles(protons,neutronsandheavier nuclei) arereadily detectedat
the earth,via space-borneparticle detectorsor via detectorsof the extensive air showers that occur when
theseparticlesinteractwith theearth's atmosphere.However, dueto thechangein directionof thesecharged
particleswhenpropagatingthroughmagnetic�elds duringtheirtravel to theearth,informationaboutthesource
locationis lost. Theneutronsdo of coursetracethesourcedirectionbut at lower energiesthey decaybefore
reachingtheearthandat thehighestenergiesthesourcesaretypically too faraway for theneutronsto survive.
Thereis onepotentialwindow for detectionof galacticneutronsat P�QSRGT eV. High-energy gammarayswill
travel in straightlines andthuscanpoint backto their source(asevidencedby the spectacularresultsfrom
the new generationof Air-Cherenkov gamma-raytelescopespresentedat this conference);however, thereis
reprocessingin sourcesandabsorptionof gammaraysfrom long distancesacrosstheuniverse,meaningthat
not all sourceswould bevisible. For thosesourcesthatarevisible, thenatureof theaccelerationmechanism
is not known, with the potentialorigin usuallysuggestedaseitherelectromagnetic(synchrotronradiationof
electrons,inverseComptonup-scatteringof microwave photons)or hadronic(protoninteractionsproducing
pionsthatdecayto gammarays).High-energy neutrinoswill propagatein straightlinesunabsorbed,meaning
thatsourcesinvisibleatotherwavelengthscouldberevealed;however, thelow absorptionmakesthemdif�cult
to detect.

Theneutrinoscouldsolve themysteryof theorigin of thecosmicrays. A typical high-energy cosmicaccel-
eratoris believedto consistof a compactobjectwherethecosmicraysareaccelerated.Someof theseescape
andeventuallyendupdetectedatearth.Someof theseparticleswill interactbothwith themselvesandwith the
radiation�elds in thevicinity of theacceleratorproducingbothchargedandneutralpions. Theneutralpions
decayinto high energy gammaraysandthechargedpionsdecayinto neutrinos.Thus,thecoincidentobserva-
tion of neutrinosandgammaraysfrom thesamesourcewould bea clearindicationof hadronicacceleration,
suggestingsuchanobservedsourceis a cosmic-rayaccelerator.

Many predictionshave beenmadefor the expectedratesof suchhigh-energy neutrinos,both for individual
objectsandfor thesummed�ux of all objectsacrosstheuniverse.Expectationsof theexistenceof detectable
�ux esled to theconstructionof the�rst purpose-built high-energy neutrinodetectors,suchasAMANDA, and
now, to theconstructionof thenext generationinstruments,suchasIceCube.

Constructionof the AMANDA-II detectorbegan in 1995[2] at the SouthPole station,Antarcticaand was
completedin 2000,resultingin adetectorconsistingof 677opticalmodulesspreadacross19stringsdeployed
at depthsbetween1500and2000metresin thepolar ice cap. Theopticalpropertiesof thedetectormedium
havebeenmeasuredwith in-situ light sourceswithin thedetector[3]. Mostof theopticalmodulesutiliseanalog
signaltechnology, in which pulsesaretransmittedvia electricalor �bre optic cable.A prototypedigital string
wasdeployedaspartof theAMANDA detector[4] in orderto testnew technologiesfor IceCube.

Neutrinosaredetectedin severalwaysby adeepneutrinotelescopesuchasAMANDA. All �a voursof neutrino
will producehadroniccascadesfrom chargedandneutralcurrentinteractionswithin andcloseto thedetection
volume.TheCherenkov light from thesecascadesspreadsin aknown patternawayfrom theinteractionvertex,
andsomeof this light is detectedby theopticalmodules,with therecordedtimesandamplitudesof thesignals
usedto reconstructthepropertiesof theoriginalneutrino.

Muon neutrinosmay interactwith the ice or rock far from the detectorin a charged-currentinteraction,and
theresultingmuonmaytravel many kilometresto thedetectorwhereit is detectedandreconstructedusingthe
recordedinformationfrom its Cherenkov emissions.
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Cosmic-rayinteractionsin the earth's atmosphereproducetwo typesof backgroundto a searchfor extra-
terrestrialneutrinos– atmosphericmuonsandneutrinos.The atmosphericmuonshave a maximumrangeof
the orderof kilometresandthusaredetectedonly from above the detector, thosecomingfrom below being
absorbedby theearth. Theatmosphericneutrinoswill traversetheearthandbe detectedfrom all directions,
althoughfor thedownwarddirection(zenithangles0-90degrees),their expectedrateis swampedby therate
of the downward moving muons. Thus,the AMANDA detectorlooks down into the earth,seekingupward
moving muonswhich canonly have comefrom neutrinointeractions,both atmosphericandextra-terrestrial
in origin. The detectionof an extra-terrestrialneutrinosignal requiresfurther rejectionof the atmospheric
neutrinosbasedon thetheenergiesof thedetectedevents.

The �rst evidenceof high-energy atmosphericneutrinosin AMANDA camefrom the 1997dataset,where
in the initial analysis,16 candidateeventsremainedafter rejectionof the downward moving atmospheric
muon�ux. Furtherimprovementof eventselectiontechniques[5] led to theextractionof about300neutrino
candidatesfrom the1997data[6, 7].

Currently, utilising the four-yeardatasetcollectedin 2000-03,several thousandatmosphericneutrinoshave
beendetected[8]. As one tightensthe event selectioncriteria, a clear separationof upward moving atmo-
sphericneutrinoinducedmuonscanbeenseenfrom themoreabundant�ux of downwardmoving atmospheric
muons[9], asshown in �gure 1, wheredatais comparedto expectationsfrom Monte-carlosimulationsof at-
mosphericneutrinosandmuons.No evidenceof aseasonalvariationin theatmosphericneutrino�ux hasbeen
seen[10].

Cosine of Reconstructed Zenith Angle
-1 -0.8 -0.6 -0.4 -0.2 -0

-110
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210

310
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Figure 1. Atmospheric neutrinos and muonsin AMAND A. As thequality selectionof eventsis tightened,a clearsep-
arationis seenbetweentheupwardmoving atmosphericneutrino-inducedmuonsandthedownwardmoving atmospheric
muons.

The searchfor extra-terrestrialneutrinosandthe studyof potentialcosmic-rayaccelerationsitesis just one
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topic of interest.Otherinterestingneutrinosignaturesarefrom exotic particles– e.g. WIMP annihilationin
thecentreof theearthandsun,topologicaldefects,or low energy neutrinosfrom supernovae,detectedvia an
increasein thenoiseratesof thesensorsduringa burst.A deepparticledetectorin conjunctionwith a surface
air showerarraycanalsostudythecompositionof thecosmicraysaroundthekneeof thespectrum.

Following in thefootstepsof AMANDA, thekilometre-scaleIceCubeneutrinoandair-showerdetectoris now
underconstructionat theSouthPolestationin Antarctica.Thisdetectorwill consistof a deep-icecomponent,
4800optical sensorsdeployedacross80 stringsat depthsfrom 1400-2400metres,anda surfacecomponent,
the IceTop air shower array, consistingof 80 stationsof 4 optical sensorsdeployed in ice tanks. Thecurrent
IceCubecollaborationconsistsof peoplefrom 28 institutionsfrom acrosstheUSA (13), Europe(13), Japan,
andNew Zealand.

2. Resultsfr om AMAND A

TheAMANDA datahaveproducedmany interestingphysicsresults,andrecentupgradesto thedataacquisition
systemwill furtherenhancethetelescopecapability. Themainresultsandrecentupgradesaresummarisedin
this section.

2.1 Diffuse neutrinos

The AMANDA detectorhasbeenusedin the searchfor diffuseneutrino�ux esvia both muonandcascade
detectionmethods,eachwith its uniqueadvantages.Neutrino-inducedmuonsthat interactfar outsidethede-
tectorcanbeseendueto thelongrangeof high-energymuons[9, 11], enhancingtheeffectivedetectionvolume.
Cascade-likeevents[12, 13] from chargedandneutralcurrentinteractionsdepositmostof theirenergy insideor
closeto thedetectorvolume,allowing betterprimaryneutrinoenergy determination.In bothcases,thenumber
of detectoropticalmodulechannels( UWV5X ) registeringat leastoneCherenkov photonis usedasanenergy es-
timator. Anothertechniqueis to “unfold” theneutrinospectrum[14], usinga regularisedunfoldingtechnique.
Sincethenumberof unfoldedeventsin the �nal energy spectrumdoesnot follow Poissonstatistics,a series
of simulateddatasetsareconstructedwith variouslevels of signalcontribution, thenunfoldedto determine
probabilitydistribution functionsfor thecon�denceinterval construction.Themuondetectionchannelanaly-
sesplacelimits of themuon-neutrino�ux esat theearth[11, 9, 14], while thecascadechannelis usedto place
“all-�a vour” limits on the total �ux of muon-,electron-and tau-neutrino�ux esat the earth[12, 13, 15, 16]
requiringanassumptionon the �a vour ratio, which is takenas1:1:1,assumingthatneutrinosaremaximally
mixeddueto oscillationsduring their travel to theearth. Underthemaximalmixing assumption,themuon-
neutrinolimits at earthcanbeconvertedto all-�a vour limits by multiplying by three.Thediffuseanalysesare
further divided into energy ranges.In the TeV-PeVenergy range[16], extra-terrestrialneutrinoscantraverse
theearthandbedetected.At higherenergies,theearthbecomesopaqueto theneutrinosandthustheregion
aroundthehorizonis examinedfor excessesof eventsabovetheatmosphericmuonandneutrinoexpectations.
Table1 summarisesthevariousdiffuseanalysesthathavebeenperformedwith AMANDA data.For each,the
typeof analysis,sensitiveenergy range(90%of events),andlimit onan Y[Z=\ �ux is given.

Thegalacticplaneis a potentialsourceof high-energy neutrinosin theAMANDA detector, with theneutrino
�ux expectedto resultfrom the interactionof cosmicrayswith thematterconcentratedin thegalacticplane.
This searchinvolveslooking for anexcessof eventsfrom a region extendinga few degreeseithersideof the
galacticplane.Thesensitivity of AMANDA to detectgalacticplaneneutrinoswasdeterminedto bewell above
thepredictions,andindeedthissearchfoundnosigni�cant excessof events,andlimits wereplacedwhichwere
in line with theexpectedsensitivity[17].
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Table 1. Summary of AMAND A diffuse neutrino �ux results,1997-2003. Theresultslabelled“muon” arefor analyses
sensitive to neutrino-inducedmuontracksin the detector, andgive limits on the muon-neutrino�ux at earth. The “all-
�a vour” analysesaresensitive to eventsfrom muon,electronandtauneutrinos,andplacelimits on thetotal neutrino�ux
at the earth,assuminga 1:1:1 �a vour ratio dueto maximalmixing neutrinooscillationsduring propagationto the earth.
Assumingthis 1:1:1�a vour ratio, themuon-neutrinolimits maybeconvertedto all-�a vour limits by multiplying by three.

Data set Detectionchannel Neutrino energy range Limit ]K\ ^`_baBU

^2c

aB]

^ ( d*Q�egf*h i5h ) Reference
TeV jlk�mnf�obZ=\qp�Z R psr�Z R

1997 muon tvuwPxQ2y zBh {;_|PxQ/Z=} [11]
1997 all �a vour P�Q2yKu•~€_|PxQ*• dBh d€_|PxQ/Z=} [16]

1997 all �a vour ‚*Qluƒ~€_ƒP�Q2y dBh z€_|PxQ/Z=• [12]
2000 all �a vour ‚*Qlu•‚„_ƒP�Q2y zBh t€_|PxQ/Z=} [13]

2000 all �a vour P2h z„_ƒP�Q2\Ku…P*h z€_ƒP�Q*• * ~Bh z„_|PxQ/Z=} [15]
2000 muon,unfolding PxQ*Qlu•~*Q*Q †Bh t€_ƒP�QSZ=} [14]

2000-03 muon PxtWu‡†„_ƒP�Q2y * P*hˆPv_|PxQ/Z=} [9]

* analysisin progress,sensitivity only

2.2 Point sourceneutrinos

Thenorthernsky hasbeensearchedfor steadystateandtimevariablepointsourcesof neutrinos,usingfull-sky
searchesandsearchesfor speci�c objects,usuallybasedon observationsin gammaraysor otherwavelengths.
Analysesperformedon the 1997[18], 2000[19] and2000-02[20] datasetshave yieldedno evidencefor the
existenceof point sourcesof neutrinos.Recently, the four-yeardatasetfrom 2000-03hasbeenanalysed[8].
Figure2 shows thesensitivity andneutrinoeffectiveareafor theeventselection,expectedto bedominatedby
atmosphericneutrinos.Thesky mapof thenorthernsky, containing3329upgoingevents,anddistribution of
signi�cancesareshown in �gure 3. No evidencefor theexistenceof apointsourceis seen.Limits aretypically
in therange]‰\ ^„_ŠaBU

^
c

aB]

^ = t„_ƒP�Q/Z
T

jlk�m‹fŒobZ=\•p�Z
R
. Limits (integrated�ux esabove10GeV) for speci�c

sourcesareshown in table2. Thetime-variability search[21] yieldednosigni�cant correlationsof theneutrino
eventsto any pre-determinedobjects.However, ana posterioriobservationof threeeventsin time correlation
with the blazar1ES1959+650,while not statisticallysigni�cant, hasgeneratedinterestin the possibility of
a futuresigni�cant observationof sucha correlationof neutrinoobservationswith �ary gamma-raysources.
In the regimebetweena completelydiffusesearchandindividual point sourcesearch,thereis themethodof
a stackingsearch,in which the observationsfrom classesof objectaresummed.This search[22] found no
signi�cant excessesof eventsfrom a seriesof eventclasses.

2.3 Gamma-ray bursts

Gamma-rayburstsareamongstthemostenergeticobjectsin theuniverse.They have beenroutinelydetected
by satellite-bornedetectorssuchasBATSE,HETE-II, andSwift. Themechanismof gamma-rayproductionis
unknown. Thereis speculationthattheseburstsaretheresultof hadronicacceleration,andthusthatthey could
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Figure 2. Left: Sensitivity of AMANDA-II asa functionof declination( Ž ), for a signalspectralindex of 2. The results
for individual yearsandfor the combineddatasampleareshown. Right: Neutrinoeffective areafor AMANDA-II asa
functionof theneutrinoenergy.

Figure 3. Left: Sky plot (in celestialcoordinates)of the selected3329up-goingneutrinocandidateeventsobserved in
AMANDA-II. Right: Signi�cancemapfrom a scanof the northernsky to searchfor event clusters.The signi�canceis
positive for excessesandnegative for de�cits of events(comparedto theexpectedbackground).

bethesiteof accelerationof thehighestenergy cosmicrays[23]. Observationof neutrinosin coincidencewith
the burstswould con�rm the hadronicaccelerationtheory. The searchfor neutrinosis straightforward– the
satelliteobservationpinpointsthe locationin spaceandtime of theburst,which is thensearchedfor neutrino
eventsin excessof expectedbackgrounds,which areaccuratelydeterminedfrom the theon-source,off-time
data. The expectednumberof eventsfrom a burst is determinedfrom simulationsof the detectorresponse.
Several typesof searchhave beenperformedwith AMANDA, utilising both muon and cascadedata,and
testingvariousmodelsof gamma-rayproduction.Themuon-neutrinosearchesutilise thefull powerof spatial
andtemporalrejection,whereasthecascadessearches,despitethe lack of directionalinformation,make use
of bettereventenergy determination.Onetypeof analysisassumesthat thesumof all theGRBsproducesa
neutrinospectrumbasedon averageburst parameters,asdescribedby WaxmanandBahcall[24, 25]. In the
othertype of analysis,eachburst is individually modelledbasedon experimentalobservationof gammaray
emission,redshift, etc.,andtheanalysesindividually tailoredto thespeci�c prediction[26]. Datacoincident
with gamma-rayburstsfrom 1997-2003havebeenexaminedfor neutrinoemissionandnoexcesseshavebeen
observed.Limits on theemissionof neutrinoshavebeenplaced.

2.4 Searchesfor neutralino dark matter

Recentresultsfrom experimentalcosmologysuggestthatabout23%of theuniverseis madeupof non-baryonic
cold dark matter. Minimally supersymmetricextensionsto the StandardModel predict the existenceof the
neutralino,in themassrangeGeV-TeV, which is a candidatefor thecold darkmatter. Theparticleswill lose
energy andbecomegravitationally trappedin thecentresof objectlike theearthandsun,wherethey pair-wise
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Candidate • ( • ) ‘ (h) ��’”“O• ��– —™˜ š ›

œ Candidate • ( • ) ‘ (h) ��’”“O• ��– —™˜ š ›

œ

TeVBlazars
Markarian421 38.2 11.07 6 5.6 0.68 1ES2344+514 51.7 23.78 3 4.9 0.38
Markarian501 39.8 16.90 5 5.0 0.61 1ES1959+650 65.1 20.00 5 3.7 1.0
1ES1426+428 42.7 14.48 4 4.3 0.54

GeVBlazars
QSO0528+134 13.4 5.52 4 5.0 0.39 QSO0219+428 42.9 2.38 4 4.3 0.54
QSO0235+164 16.6 2.62 6 5.0 0.70 QSO0954+556 55.0 9.87 2 5.2 0.22
QSO1611+343 34.4 16.24 5 5.2 0.56 QSO0716+714 71.3 7.36 1 3.3 0.30
QSO1633+382 38.2 16.59 4 5.6 0.37

Microquasars
SS433 5.0 19.20 2 4.5 0.21 CygnusX3 41.0 20.54 6 5.0 0.77
GRS1915+105 10.9 19.25 6 4.8 0.71 XTE J1118+480 48.0 11.30 2 5.4 0.20
GRO J0422+32 32.9 4.36 5 5.1 0.59 CI Cam 56.0 4.33 5 5.1 0.66
CygnusX1 35.2 19.97 4 5.2 0.40 LS I +61303 61.2 2.68 3 3.7 0.60

SNR& Pulsars
SGR1900+14 9.3 19.12 3 4.3 0.35 CrabNebula 22.0 5.58 10 5.4 1.3
Geminga 17.9 6.57 3 5.2 0.29 CassiopeiaA 58.8 23.39 4 4.6 0.57

Miscellaneous
3EGJ0450+1105 11.4 4.82 6 4.7 0.72 J2032+4131 41.5 20.54 6 5.3 0.74
M 87 12.4 12.51 4 4.9 0.39 NGC1275 41.5 3.33 4 5.3 0.41
UHE CRDoublet 20.4 1.28 3 5.1 0.30 UHE CRTriplet 56.9 11.32 6 4.7 0.95
AO 0535+26 26.3 5.65 5 5.0 0.57 PSRJ0205+6449 64.8 2.09 1 3.7 0.24
PSR1951+32 32.9 19.88 2 5.1 0.21

Table 2. Resultsfrom theAMANDA-II searchfor neutrinosfrom selectedobjects. Ž is thedeclinationin degrees,• the
right ascensionin hours,

<Sž

–!Ÿ is the numberof observed events,and
<

– the expectedbackground.  

˜ š ›

œ is the 90% CL
upperlimit in unitsof ¡O¢*£/¤O¥O¦„£/§©¨O£=ª for a spectralindex of 2 andintegratedabove 10 GeV. Theseresultsarepreliminary
(systematicerrorsarenot included).

annihilateto produceneutrinos,which maythenbedetectedin a high-energy neutrinodetector. No excesses
of eventshave beenobservedfrom theearthor sunandlimits have beenplacedon the �ux esexpectedunder
variousassumptionsof neutralinomassandMSSMparameters[28, 29]. TheAMANDA limits arecompetitive
with thosefrom otherneutrinodetectors,but theneutrinodetectorlimits donotyetexcludetheregionsreached
by thedirectdetectionexperiment,CDMS.

2.5 Searchesfor supernova neutrinos

Thelow-energy neutrinosdetectedfrom thesupernova1987Aby theIMB andKamiokandeexperimentsher-
aldedthebirth of extra-solarneutrinoastronomy. TheAMANDA telescope,throughmonitoringof thecount
ratesacrosstheopticalmodulesin thearray, is sensitive to low-energy supernovaeelectronanti-neutrinosthat
interactwithin the detectorvolume,producingpositronsthat emit detectablelight. An analysisof the data
takenin 1997and1998yieldeda90%con�dencelevel upperlimit of 4.3supernovaein thegalaxy[30].

2.6 Cosmicray composition

Thecombinationof theSPASE air shower detectorandtheAMANDA detectorprovidesa powerful tool for
cosmicray compositionstudies.TheSPASE arraymeasurestheelectroncomponentof theair showersat the
surface,andtheAMANDA arraymeasuresthepropertiesof themuonsproducedin theair showers.Together,
thesepiecesof informationprovideameasurmentof themasscompositionof thecosmicraysaroundtheknee
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of thespectrum.Analysisof thecoincidentSPASE-AMANDA datacollectedduring1998[31] indicatesthat
thecompositionof thecosmicraysbecomesheavier astheenergy increasesthroughthekneeregion.

2.7 New instumentation for the AMAND A data acquisition system

Completionof anupgradeto theAMANDA dataacquisitionsystemwasaccomplishedin January2003with
theadditionof transientwaveformrecorders[32] to eachof theoptical sensorreadouts,anda new triggering
system[33] wasaddedin January2005. TheseTWRsrecordthecompleteshapeof thepulsetrain arriving at
thesurfacefrom themodules.Thus,thefull informationis availablefor analysis,in constrastto thestandard
muonDAQ which is basedon time-to-digital(leadingedgeof pulses)andanalog-to-digitalconverters(peak
voltageof pulses).Thissystemwaslimited to eightedgesperopticalmodulepertriggeredeventandonly one
pulseheightmeasurment.Theadditionof theTWR systemshouldbeparticularlyusefulfor brighteventswith
many photons.

3. IceCube

The IceCubedetectoris underconstructionat the SouthPole. IceCubewill consistof two components– a
kilometre-scaledeepicearrayof 4800opticalmodulesacross80stringsatdepthsfrom 1450to2450metresand
akilometre-scalesurfaceair showerdetector(IceTop),with 80stationslocatedat thesurfaceaboveeachstring.
EachIceTop stationwill containfour optical modulesdivided betweentwo ice tanks. Eachoptical module
consistsof a ten-inchphotomultipliertube[34], which is readout by a recordingdevice thatdigitisesandtime
stampsthe recordedwaveformsbeforethey are sentto the surfacedataacquisitionsystemfor processing.
The DAQ assemblesrecordedwaveformsinto completeevents,which are then reconstructed,�ltered and
transmittedvia satelliteto thecollaborationfor analysis.In this sectionwe summarisetheperformanceof the
�rst instrumentation,theconstructionschedule,future technologies,and�nally theexpectedperformanceof
thefull telescope.

3.1 First instrumentation and initial performance

The �rst instrumentationwas deployed in 2004-05,with four IceTop stationsand onedeep-icestring now
in operation. The IceTop stationswere deployed early in the australsummerseason,and the single deep-
ice string wasdeployed in late January. After completionof thehot waterdrilling of the hole, the complete
deploymentprocess– attachmentof the60 modules,lowering,andsecuringof thestring at its �nal depth–
took a total of 18 hours.Commissioningof thestringincludedcommunicationstestsandinitial performance
testsof themodules,e.g. time calibration,noiseratechecksandon-boardLED �asher runs. Oncethestring
andIceTop tankswerefrozenin, moreadvancedtestswereperformed,in which atmosphericmuonsandair
showerswerereconstructed,bothasseparatedetectorsandin coincidence.Theresultscomparefavourablyto
expectations[35, 36].

3.2 Construction schedule

Following the successof the �rst deploymentseason,the constructionschedulecalls for up to 12 stringsto
be deployed in 2005-06,followed by � ve moreseasonsof 16-18strings,taking the detectorto completion
in early 2010. Physicsdata-takingwill be routineduring the constructioncycle, andbeforecompletion,a
square-kilometre-yearexposureof datawill havebeenaccumulated.
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3.3 Futur edevelopment

Theveryhighestenergy neutrinosin theuniverseareexpectedto beproducedwhencosmicraysinteractwith
the cosmicmicrowave backgroundradiation. The plannedIceCubedetectorwould be able to detectof the
orderof oneof theseGZK neutrinosperyear. Potentialenhancementsto theIceCubearraycould includethe
additionof radioandacousticreceiversona grid expandingseveralkilometresaway from theIceCubeoptical
detectorwhichwould increasethenumberof detectedGZK neutrinosby anorderof magnitude[37].

3.4 Expectedperformanceof the full IceCubetelescope

The performancepotentialof IceCubehasbeenestimatedwith a full simulatiomchain[38], basedon the
AMANDA simulationpackages.Both downwardmoving atmosphericmuonsandupwardmoving neutrino-
inducedmuonsweresimulatedandusedto assessthecapabilityof thedetectorto observediffuse�ux es,point
sourcesandgamma-raybursts.Thereconstructionmethodswerethosefrom AMANDA[5], ignoringfor now
the full waveform information that IceCubewill measure.A simple �ltering schemewas implementedto
reducethe atmosphericmuonsto a level at which only upward moving neutrino-inducedmuonsshouldbe
seen(referredto as“level 2”). Theangularpointing resolutionis shown in �gure 4. A medianresolutionof
betterthan P?« is seenfor eventsof energiesgreaterthan1 TeV. Theeffective areafor muondetection(�gure
5) exceedsthegeometrickilometreareafor muonenergiesabove10 TeV andgrows to 1.4kilometre-squared
for eventsfrom 1-100 PeV. From this point, the event selectionswere optimisedfor the best limit setting
sensitivity[39] for eachtypeof analysis.

For the caseof a searchfor a diffuse�ux following an Y¬Z=\ spectrum,the distribution of the true neutrino
energiesareshown in �gure 6 for the level 2 selectionandafter a cut on the numberof channels( U­V5X )that
recordedphotons. The left-mostplot shows the true energy distribution for the ]

Z=\ neutrinospectrumand
shows that after the optimal cut at 227 �red channels;the detectoris mostsensitive to neutrinosat about1
PeV. Theright-mostplot showsthesamedistributionof energiesfor theatmosphericneutrinos.Table3 shows
theexpectedsensitivity to an ]®Z=\ �ux for variousexposuretimes.For example,after threeyearsof livetime,
theoptimal cut would be at 224channels,where18.4backgroundatmosphericneutrinoswould remain. An

]qZ=\ �ux of level correspondingto thepresentAMANDA-II four-yearsensitivity would produce204.8events
abovethis backgroundandbereadilyobserved.If only thebackgroundeventswereobserved,thelimit on the

]qZ=\ �ux would beat a level of ]¯\
^

_baBU

^
c

aS]

^*°

{±h †¬_²P�QBZ=³®jlk�m´f�o[Zµ\•pŒZ
R
, abouta factor30 lower than

thecurrentAMANDA-II sensitivity. A true�ux of strengthone-tenthof thecurrentlimit sensitivity would be
detectableata ‚·¶ level over thesamethree-yearperiod.

Similar improvementsin sensitivity over thatof AMANDA-II areexpectedfor point sourcesearches,assum-
marisedin table2. The individual point sourcelimits shown for AMANDA-II objects(table2) aretypically
of the level tb_wP�QBZ=³ neutrinosfŒobZµ\�p�Z

R
, integratedabove 10 GeV. This correspondsto a limit on the nor-

malisationof thedifferential ]qZµ\ �ux of ]‰\ ^`_baSU

^
c

aB]

^·°

t;_‡PxQ/Z
T

jlk�mnfŒobZµ\qpŒZ
R
, which canbedirectly

comparedto the limiting anddiscovery �ux esin table4. For threeyearsof IceCubedatataking, the limit is
at ]¸\ ^„_ŠaBU

^*c

aB]

^
°

†Bh {¬_‡P�Q/Zµ³•jlk�m´f�obZ=\•p�Z
R , a factor25 betterthanAMANDA-II, anda point sourceof

strengthaboutone-tenthof theAMANDA-II limit wouldbeobservedata ‚*¶ level of signi�cance.

For thecaseof gamma-raybursts,IceCubewould needto observe only 100satellite-coincidentburststo rule
out theWaxman-Bahcallpredictionat 90%con�dencelevel, andobservationof about500burstswould yield
a ‚·¶ observationif this �ux weretrue.
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Figure 4. Pointing resolution for neutrino-induced muon events in IceCube. Shown is themedianspaceangleerror
of the likelihoodreconstructionasa functionof thezenithangleof the incidenttrack. Themedianwascalculatedfor an
energy spectrum¹»º

£B§ andafterapplyinglevel2 cuts.

4. Conclusions

The last decadehasseenthe fruition of the �rst large ice and water Cherenkov neutrinodetectors. The
AMANDA telescopehasbeenproducingusefulphysicsdatasince1997whichhasbeenexaminedfor evidence
of high-energy extra-terrestrialneutrinos,darkmatter, andsupernovae,andhasalsobeenusedto measurecos-
mic rayproperties.As yet,nosourcesof highenergy neutrinoshave beenseen,howeverusefulconstraintson
astrophysicalmodelshave beenset. The IceCubedetector, a kilometrescaledetectoralsoat theSouthPole,
will improvethesensitivity of currentdiffuseandpointsourcesearchesby a factorof 30andhopefullyleadto
many interestingandsurprisingdiscoveriesaboutthenatureof theuniverse.
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